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This paper describes basic characteristics of the quartz crystal sensor with interdigitated electrodes (IDE
quartz crystal sensor) which is for simultaneous monitoring of mass, viscosity, conductivity and dielectric
changes of liquids or thin ﬁlms. As the IDE quartz crystal sensor has three terminals for a pair of IDEs on
the one side and a counter electrode on the other side, the resonance properties have been analyzed
using the electrical equivalent circuit models and measured experimentally for all connecting types of
electrode pairs. The IDE quartz crystal has shown clear resonance curves for calculating the resonance
frequency and resonance resistance values as well as normal quartz crystal in the air and in contact with
liquid. Small shifts in the resonance frequency and resonance resistance depending on the connecting
types have been obtained and analyzed using the equivalent circuit models. We have found the inte-
grated quartz crystal and IDE sensors could be monitored simultaneously by only one impedance
analyzer. Finally, two types of measuring systems have been demonstrated for continuous measuring
methods.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
AT-cut quartz crystal has been used for a mass sensor with
nanogram sensitivity [1] and applied to gas sensors [2,3]. When the
quartz crystal is used in a liquid, the resonance frequency changes
with the viscosity of the liquid [4e7]. Resonance resistance, which
is the resistance in the electrical equivalent circuit of the quartz
crystal, has been shown to reﬂect the viscosity change of the con-
tacting liquid or thin ﬁlms [8,9]. The resonance resistance mea-
surement was applied tomonitoring a viscosity of liquid, evaluating
a property of thin ﬁlms, and detecting a phase transition and
coagulation in bio-reactions [9e17]. Additionally, dumping-factor
of the quartz crystal is used for similar analysis [18].
Interdigitated electrodes (IDEs) have been used for analytical
chemistry. For electrochemical analysis, cycling oxidation and
reduction reaction between the IDEs increase the sensitivity of
detection. Impedance measurement between the IDEs has also
been applied for biological analysis [19,20]. Using the colloidal gold
particles, high sensitive DNA detection method has been reported
[21]. There are some studies modifying the electrode of the quartzatsu).
B.V. This is an open access articlecrystal. One of the studies modifying the electrodes of the quartz
crystal has clariﬁed the mass sensitivity of radial dependence [22].
It showed that the center of the quartz crystal has higher sensitivity
rather than the periphery.
The combination of the quartz crystal and IDE has been studied.
In one of the studies, the IDEs were used to induce adsorption of
protein by the electric ﬁeld to enhance the sensor sensitivity [23].
Another study applied the IDEs tomeasure electric resistance of the
polymer ﬁlms simultaneously to monitor the mass increase with
gas phase water and adsorption of organic molecules [24]. As the
combined sensor can monitor mass, viscosity, conductivity and
dielectric changes of liquids or thin ﬁlms simultaneously, it can be
used for many applications, and the basic characteristics should be
analyzed for future applications.
In this study, we analyze the resonance characteristics of IDE
quartz crystal in the air and in contact with liquids. The analysis is
performed theoretically and experimentally using equivalent cir-
cuit models and a fabricated IDE quartz crystal. Two types of
continuous measuring systems are demonstrated for applying the
sensor to advanced chemical and bio-sensors.under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 2. Four connection types of the IDE for characterizing the resonance property of
the IDE quartz crystal (Type 1e4) comparing with the normal quartz crystal (Type 0).
E1 and E2 show the IDEs, and Eb shows the backside electrode. Ea shows the front
electrode of the normal quartz crystal.
Fig. 3. Electrical equivalent circuit models for the normal quartz crystal and IDE quartz
crystal. Types 1e4 show the equivalent circuit when the electrodes were connected as
shown in Fig. 2. R2 and C2 mean the resistance and capacitance between the IDEs.
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Fig. 1(a, b) shows the design of the IDE quartz crystal. The IDEs
were formed as one of the sides of the quartz crystal. On the
backside, a normal circular electrode was formed. A size of the
circular electrodes is same as a normal quartz crystal (Fig.1(c)) used
for a comparison. For using the IDE quartz crystal, four types of
electrical connections were selected from the IDEs (E1 and E2) and
the backside electrode (Eb). The illustrations are shown in Fig. 2
with a normal quartz crystal (Type 0). The ﬁrst type (Type 1) was
analyzed between the connected-IDEs (E1 þ E2) and the backside
electrode (Eb). The second type (Type 2) was analyzed between one
IDE and the backside electrode. In this case, two patterns (Type 2(a)
and 2(b)) can be selected in selecting IDEs (E1 and E2). Type 2(a) and
2(b) represent patterns using the electrode of E1 and E2, respec-
tively. The third type (Type 3) was analyzed between one IDE and a
set of the connected another IDE and the backside electrode. This
type also has two patterns by selecting IDEs (Type 3(a) and 3(b)).
Type 3(a) and 3(b) represent patterns using the electrode of E1 and
E2, respectively. The fourth type (Type 4) was analyzed between
one IDE (E1) and another IDE (E2).
Fig. 3(a) shows the electrical equivalent circuit of the normal
quartz crystal resonator. The admittance of the normal quartz
crystal can be written as:
Ytype0 ¼ 1/(R1 þ juL1 þ 1/juC1) þ juC0 (1)
In the case of the IDE quartz crystal, the electrical equivalent
circuit can be shown as in Fig. 3(b) where the impedance between
the IDEs is deﬁned as a parallel circuit of R2 and C2. For the IDE
quartz crystal, the admittance can be treated as a total of the three
admittance parts of Y1, Y2, and Y3. The admittance equations for
each part of the equivalent circuits are written as:
Y1 ¼ 1/(R1 þ juL1 þ 1/juC1) þ juC0 (2)
Y2 ¼ 1/(R1ʹ þ juL1ʹ þ 1/juC10) þ juC0ʹ (3)
Y3 ¼ 1/R2 þ juC2 (4)
When each IDE is treated as equivalent, the relation of Y1 ¼ Y2
can be assumed.
For the four types of connections, the equivalent circuits are
reformed as Fig. 3(c) to 3(f). The equivalent circuit form for type 1
connection (Fig. 3(c)) is a parallel circuit of the normal quartz
crystal. The admittance equation can be written as:Fig. 1. (aeb) Design of the IDE quartz crystal. IDEs were designed to cover whole
circular area of one of the sides of the quartz crystal (a), and a plane circular electrode
was covered the other side (b). (c) Design of the normal quartz crystal. Plane circular
electrodes were formed both sides.Ytype1 ¼ Y1 þ Y2 ¼ 2Y1 (5)
For type 2 connection, the admittance equation can be written
according to the equivalent circuit (Fig. 3(d)):
Ytype2 ¼ Y1 þ Y2Y3/(Y2 þ Y3) ¼ Y1 þ Y1Y3/(Y1 þ Y3) (6)
In this case, two admittance components (Y1 vs. Y1Y3/(Y1 þ Y3))
have different resonance frequencies by the effect of the series
capacitor C2 in one of the components. For comparing the reso-
nance frequency of two components, conductance curves for Y1 and
Y1Y3/(Y1 þ Y3) were calculated and shown in Fig. 4. For the
component values for the calculation, the values of R1 ¼ 600 U,
L1 ¼ 0.014 H, C1 ¼ 2.23  1014 F, C0 ¼ 2.0  1012 F were used as
typical values of equivalent circuits. For the value of C2 and R2,
C2 ¼ 2  1012 to 2  1010 F and R2 ¼ 1  103 to 1  107 U were
used.
Fig. 4(a) shows the calculated conductance curve for
G1 ¼ Realpart (Y1) and G2 for C1 to C3 ¼ Realpart (Y1Y3/(Y1 þ Y3)) for
C2 ¼ 2  1012 to 2  1010 F and R2 ¼ 1  103U. The resonance
peaks in the calculated conductance curves shifted with the change
of C2 values. Lower C2 value makes the peak frequency higher and
more distance from the peak frequency for G1.
For type 2 connection, the total conductance G is addition of G1
and G2 (G ¼ G1 þ G2); therefore, the peaks of G curves shifted with
the peak shift of G2. When the peak frequency of G2 has enough
distance from the peak frequency of G1, the peak frequency of G
does not change, but when the peak frequencies of G1 and G2 are
Fig. 4. (aeb) Calculated conductance curves of left part (G1) and right part (G2) of the
electrical equivalent circuit of type 2 connection. The calculation parameters were R1:
300 U, L1: 0.014 H, C1: 2.23  1014 F, and C0: 2  1012. For Fig. 4(a), R2: 107 U and C2:
1012 to 1010 F were used. For Fig. 4(b), R2: 103e107 U and C2: 1012 F were used. (c)
Total conductance curves for Type 1 and Type 2 with the typical values of equivalent
circuits R1 ¼ 300 U, L1 ¼ 0.014 H, C1 ¼ 2.23  1014 F, C0 ¼ 2.0  1012 F, R2 ¼ 1  107 U
and C2 ¼ 2  1012, 8  1012, 1.6  1011 F.
Table 1
Estimated values of the resonance frequency and resonance resistance for Fig. 4(c).
C2 value [F] Resonant frequency (Hz) Resonant resistance (U)
Type1 e 9007488 150
Type2 2  1012 9007489 300
8  1012 9007489 299
1.6  1011 9007521 281
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quartz crystal.
Fig. 4(b) shows the calculated curves of G1 and G2 for R1 to R3 for
R2 ¼ 1  103 to 1  107U and C2 ¼ 1  1011 F. In this ﬁgure, the
peak frequency of G2 becomes near to the peak frequency of G1
with smaller R2 value. This suggests that smaller R2 values give
smaller peak shifts of G.
For type 3 connection, the equivalent circuit is shown in Fig. 3(e)
and the admittance equation is written as:
Ytype3 ¼ Y1 þ Y3 (7)
This equation indicates that the equivalent circuit has higher
resonance resistance than type 1 connection and similar resonance
frequency with type 1 connection.
For type 4 connection, the equivalent circuit is shown in Fig. 3(f),
and the admittance equation is written as:
Ytype4 ¼ Y3 þ Y1Y2/(Y1 þ Y2) ¼ Y3 þ Y1/2 (8)
This equation shows that type 4 connection has much higherresonance resistance than type 1 connection and similar resonance
frequency with type 1 connection.
In case, the interval of IDEs is varied, the basic resonance fre-
quency and resonance resistance of the quartz crystal are expected
not to change when the line-space/width ratio is constant because
the total mass of the IDE is not change and the electrodes are
elastic. Contrary of this expectation, the resonance frequency and
resonance resistance possibly change for type 2 connection by the
effect of the component C2. When the interval becomes shorter, C2
value increases by shortening the interval and increasing the
number of IDEs.
Fig. 4(c) shows the calculated total conductance curves for type
1 and type 2 with the typical values of equivalent circuits
R1 ¼ 300 U, L1 ¼ 0.014 H, C1 ¼ 2.23  1014 F, C0 ¼ 2.0  1012 F,
R2 ¼ 1  107 U and C2 ¼ 2  1012, 8  1012, 16  1012 F. The
curves show G1þG1 for type 1 and G1þG2 for type 2. The curves for
type 2 show two peaks, and the peak frequency of the main peak
(formed by G1) depends on the combined sub component peak
(formed by G2).
Table 1 shows the estimated resonance frequency and reso-
nance resistance for Fig. 4(c). In Table 1, the resonance frequency
shift for type 2 connection from type 1 connection is negligible
when C2 value is low. When C2 value is large, the frequency shift
becomes non-negligible. For the resonance resistance, the shift is
also negligible for low C2 values, but large shift is obtained for the
large C2 values. From these calculating results, the effect to the
resonance characteristics will be negligible when the increasing C2
value by the interval change is low enough. Contrary, the resonance
characteristics change is not negligible for a case of large C2 value
by the interval increase.
3. Experimental
3.1. Materials and apparatus
The blank quartz crystal of AT-cut 9 MHz was obtained from
Seiko EG&G. Photo resist (TSMR-8900), developing agent (NMD-
W2), and removing agent (type 104) were obtained from Tokyo
Ohka Kogyo. Glycerol, Ethanol, and other reagents were of analyt-
ical grade and obtained from Wako pure industry. A spin coater
(1H-D3, Mikasa), a mask aligner (MA-20, Mikasa), and a sputtering
instrument (SPH-3010, Showa Shinku) were used for fabricating
the IDEs. Impedance analyzer (4294A, Agilent Technologies), a
quartz crystal analyzer (QCA922A, Seiko EG&G), and a component
analyzer (6440B, Wayne Kerr) were used for characterizing the IDE
quartz crystal and monitoring the response of the quartz crystal.
3.2. Design and fabrication of the electrodes
The IDEs were designed to cover circular area of one side of the
AT-cut quartz crystal (Fig. 1), and the backside electrode was a
normal circular electrode. The IDEs of line width 100 mm and span
width 100 mm were fabricated on the quartz crystal. As the diam-
eter of the electrode area is 5.5 mm, each electrode has 13 lines.
For the fabrication, one of the sides of the quartz crystal is
coatedwith the positive photoresist ﬁlms using the spin coater. The
H. Muramatsu et al. / Analytical Chemistry Research 7 (2016) 23e3026resist ﬁlms were baked at 100 C for 1 min. The quartz crystal was
aligned under the photo mask with the mask aligner, and then UV
light was exposed to transfer the mask pattern. The photoresist
ﬁlms were developed and negative patterns for the IDEs were
produced. Titanium (100 nm) and gold (300 nm) were coated on
the quartz crystal over the patterned photoresist ﬁlms. Then, the
photoresist ﬁlms were removed with the remover agent in an ul-
trasonic bath. The backside of the quartz plate was coated with
titanium and gold using a metal mask of a circular electrode with a
lead pattern. The quartz crystal was mounted with the spring
holder for the three electrodes to enable electric contact. Fig. 5
shows a photograph of the IDE quartz crystal and a photomicro-
graph of a part of the IDE.
3.3. Measurement of resonance characteristics
Resonance characteristics of the quartz crystal were monitored
using the impedance analyzer for type 1 to type 4 connections.
Measurement was carried out in the air and in contact with liquid.
For the liquid, water and glycerol solutions were used to investigate
the effect of viscosity to the IDE quartz crystal. The viscosities of the
liquids were checked with a viscosity meter (SV-1H, A&D Com-
pany). The experimentwas performed at room temperature (20 C).
3.4. Continuous measurement in contact with liquids
The IDE quartz crystal was placed in a well-type chamber and
connected to the impedance analyzer with type 3 connection to
measure the resonance frequency and resonance resistance. The
capacitance and resistance between the IDEs were also measured
by the impedance analyzer at 900e1100 Hz, and average values of
R2 (¼1/G) and C2 (¼B/u) were calculated from the conductance (G)
and susceptance (B) data. Testing liquids were injected with a
micropipette and sucked by aspirations pump for replacing the
liquids. The responses were continuously measured by a computer.
Measurement with the combination of type 2 and type 4 con-
nections was also carried out. For type 2 connection, the quartz
crystal analyzer was used, and the component analyzer was used
for type 4 connection simultaneously.
4. Results and discussion
4.1. Resonance characteristics of IDE quartz crystal
In the four types of electrode connections, the resonance
properties of the quartz crystal were characterized with the
impedance analyzer. Fig. 6 shows typical conductance (G) and
susceptance (B) curves for types 0e4. The two variations are
existing in type 2 and type 3 connections such as type 2(a) and type
2(b). Type “a” shows that the left electrode was selected and type
“b” shows that the right electrode was selected in the IDEs. As theFig. 5. (a) Photograph of the IDE quartz crystal. (b) Photomicrograph of a part of the
IDEs.pairs of type 2(a) and 2(b), also type 3(a) and 3(b), showed similar
results, the ﬁgures for type 2(b) and 3(b) are not shown. The results
of types 1, 2, and 3 show that the resonance peaks are existing
around 9 MHz. G-B plotting of these data showed clear circles.
These results indicate the IDE quartz crystal functions as well as a
normal quartz crystal. For type 4, the resonance peak of 6 MHz and
9 MHz was observed. The 6 MHz resonance peak indicates that a
vibration mode longer than the normal thickness shear vibration
mode may exist, but they were not stable for a resonator. In case of
type 4, because the two IDEs were applied with opposite voltage,
and the shear vibration by the IDEs induced opposite directions, the
shear vibration of the IDE quartz crystal should have very high
resistance, and stable resonance characteristics were not observed.
The resonance frequency and resonance resistance values were
calculated according to the previous method (8) and are listed in
Table 2. The resonance frequency and resonance resistance ob-
tained for type 1 and type 3 in Table 2 show similar values. The
resonance frequency for type 2 is about 4 kHz higher than that for
types 1 and 3. This frequency shift can be explained as the reso-
nance frequency shift caused by the parallel dis-symmetric equiv-
alent circuit described in the theoretical section (Fig. 3(d)).
In the resonance resistance data in Table 2, type 1 shows the
smallest and type 2 shows about 2 times larger than type 1, and
type 3 shows about 4 times larger than type 1. This difference is a
little larger than that expected by the admittance equations (5)e(7)
in the theoretical section. This difference can be explained by the
dependence of the electrode area on the energy loss in the shear
vibrations. The electrode area for the shear vibration of the quartz
crystal in type 1 is twice that of the other types, then the energy loss
should be smallest in type 1. In case of type 3, one of the IDEs was
applied common voltage to the backside electrode; this limits the
shear vibration of the other active IDE and increases the resistance
in type 3.
4.2. Resonance frequency and resonance resistance change in
contact with liquids
Fig. 7 shows the resonance frequency and resonance resistance
obtained in air and in contact with water and glycerol solutions as a
function of
ﬃﬃﬃﬃﬃ
rh
p
, where r is the density and h is the viscosity of the
liquid. In Fig. 6(a), the resonance frequency change was calculated
by subtracting the resonance frequency value for the data of type 1
connection in the air for the IDE quartz crystal. For the normal
quartz crystal, the change is calculated from the resonance fre-
quency in the air. The curve of the resonance frequency change for
the normal quartz crystal shows a linear relation to
ﬃﬃﬃﬃﬃ
rh
p
. In case of
type 1 and type 3, the curves of the resonance frequency change are
overlapping each other and show similar slope to the normal quartz
crystal, but the curves shift to about 1500 Hz larger than that of the
normal quartz crystal. These resonance frequency shifts can be
explained as the IDE quartz crystal has an additional mass increase
due to the trapped liquids at the step of the IDEs. The mass increase
effect was estimated by comparing the resonance frequency
changes in contact with water and ethanol. Typically, the resonance
frequency change for water was 3738 Hz when r is 1.0 g/cm3, and
the value of
ﬃﬃﬃﬃﬃ
rh
p
is 0.87 (mPa s g/cm3)1/2 at 20 C. Contrarily, the
resonance frequency change for ethanol was 2730 Hz when r is
0.79 g/cm3, and the value of
ﬃﬃﬃﬃﬃ
rh
p
is 0.97 (mPa s g/cm3)½. As the ratio
of
ﬃﬃﬃﬃﬃ
rh
p
is 0.87/0.97¼ 0.90, the ratio of frequency change for ethanol
and water can be corrected to compare in a common level of
ﬃﬃﬃﬃﬃ
rh
p
as
(2730/0.90)/3738 ¼ 0.81. As the ratio of the density is 0.79/
1.0 ¼ 0.79, the ratio of the density is very near to the ratio of the
corrected frequency shift. The mass change for water is estimated
to be approximately 3.7 mg. This corresponds to the fact that water
layers of 0.1 mmaverage thickness are on the electrode of the quartz
Fig. 6. Conductance and susceptance curves for the normal quartz crystal (Type 0) and for the IDE quartz crystal for the type 1 to type 4 connections.
Table 2
Typical resonance frequency and resonance resistance values for the normal quartz crystal (Type 0) and the IDE quartz crystal for types 1e4 in the air.
Resonant frequency (Hz) Resonant frequency shift (Hz) Resonant resistance (U)
Type0 8,985,457 0 31.4
Type1 8,997,046 0 194.4
Type2(a) 9,001,436 4390 345.5
Type2(b) 9,000,948 3902 380.9
Type3(a) 8,997,021 25 818.7
Type3(b) 8,997,064 18 750.1
Type4 9,012,500 15454 196.0
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In case of type 2 connection, the resonance frequency in the air
shifted by about 4500 Hz from type 1 connection. In contrast, the
resonance frequency change in contact with the liquids shows
similar value to types 1 and 3. This result indicates that the effect of
the parallel circuit of C2 and R2 in the equivalent circuit (Fig. 3(d))
becomes smaller than in the air because the C2 value becomeslarger and R2 value becomes smaller in the liquids as described in
the theoretical section with Fig. 4(a).
Contrary to the resonance frequency results, the resonance
resistance values showed almost linear change to
ﬃﬃﬃﬃﬃ
rh
p
for all cases
as shown in Fig. 7(b). The slope of resonance resistance is similar for
the normal quartz crystal and the IDE quartz crystal with type 1 and
type 2 connections; however, the slope for type 3 shows 3 or 4
Fig. 7. Resonance frequency (a) and resonance resistance (b, c) obtained in air and in
contact with water and glycerol solutions as a function of
ﬃﬃﬃﬃﬃ
rh
p
of the liquid, where r is
the density and h is the viscosity of the liquid.
Type 3                   Type 2 + Type 4
Impedance
analyzer
Component
analyzer
QCM
analyzer
(a) (b)
Fig. 8. Illustration of the connection types of type 3 (a) and the combination of type
H. Muramatsu et al. / Analytical Chemistry Research 7 (2016) 23e3028times larger than the other types. This can be explained by the
shear vibration model for type 3 connection. For type 3, the shear
vibration by one of the IDEs has much higher resistance than type 1
because one of the IDEs has common voltage to the backside
electrode.
Fig. 7(c) shows the expansion of the lower resistance range of
Fig. 7(b). In Fig. 7(c), the resonance resistance curve of type 1 shows
the parallel shift to higher value from the normal quartz crystal.
This shift can be explained by the increase in the mechanical
resistance of the IDE quartz crystal itself because of its complex
shape.For type 2 connection, taking into account the slope in the
liquid, the resonance resistance in the air shows a little higher value
than the other types. This is also explained by the equivalent circuit
model (Fig. 3(d)). Separation of the two resonance peaks becomes
larger in the air than in the liquid, the conductance peak of the
addition of two peaks is relatively smaller in the air as explained in
Fig. 4(d).
4.3. Continuous measurement in contact with liquids
Two types of connections were used to measure the quartz
crystal properties and impedance between IDEs continuously. The
ﬁrst type is the combination of type 2 connection for measuring the
quartz crystal properties and type 4 connection for measuring the
impedance between IDEs simultaneously (Fig. 8(a)). The second
type is using type 3 connections for the impedance measurements
of both the quartz crystal and IDEs (Fig. 8(b)). As mentioned above,
type 3 connection shows better results than type 2 for measuring
accurate resonance frequency of the quartz crystal and enables one
to measure the resonance characteristics of the quartz crystal and
the impedance between the IDEs by a common impedance
analyzer.
Fig. 9 shows the continuously obtained results of the resonance
frequency and resonance resistance of the quartz crystal, and the
capacitance and resistance between the IDEs by the second type
(type 3 connection). In Fig. 9, water was placed ﬁrst on the quartz
crystal and replaced to glycerol solution of 20 wt% and 40 wt%,
ethanol solution of 50 wt% and phosphate buffer (pH7, 50 mM). In
Fig. 8, the resonance frequency and resistance changed reﬂecting
the viscosity and density of the liquid, especially, a large changewas
observed with the glycerol solutions reﬂecting the viscosity of the
liquid. The capacitance and resistance between the IDEs changed
largely in contact with the phosphate buffer solution. In this case,
because of the high electric conductivity, the resistance showed
larger value, and the capacitance showed higher value reﬂecting
higher dielectric constant than the other liquids. Similar measure-
ment has been done for the normal quartz crystal using the
impedance analyzer (data not shown). The difference of the reso-
nance frequency and resonance resistance between the IDE and
normal quartz crystals was explained by the difference in Fig. 7.
A drawback of type 3 connection is the slow measuring rate
because the measuring frequency range is switched to 9 MHz range
and 1 kHz range in each measurement. The ﬁrst type (type 2þ type
4 connection) has an advantage in this point as this enables
simultaneous measurement.2 þ type 4 (b) for the continuous measurement as shown in Fig. 2.
Fig. 9. Resonance frequency and resonance resistance continuously obtained by the
quartz crystal analyzer (a), and capacitance and resistance between the IDEs with type
3 connection (b). The IDE quartz crystal contacted with water, glycerol solution of
20 wt% and 40 wt%, ethanol solution of 50 wt% and phosphate buffer (pH7, 50 mM),
alternately. Arrows show the replacing points of the liquids.
Fig. 10. Resonance frequency and resonance resistance continuously obtained by the
quartz crystal analyzer (a), and capacitance and resistance between the IDEs with the
combination of type 2 and type 4 connections (b). The IDE quartz crystal contacted
with water, glycerol solution of 40 wt%, ethanol solution of 50 wt% and phosphate
buffer (pH7, 50 mM), alternately. Arrows show the replacing points of the liquids.
H. Muramatsu et al. / Analytical Chemistry Research 7 (2016) 23e30 29Fig. 10 shows simultaneously obtained results of resonance
frequency and resonance resistance of the quartz crystal analyzer,
and capacitance and resistance between the IDEs with the ﬁrst type
connection. In Fig. 10, water was placed ﬁrst on the quartz crystal
and replaced to glycerol solution of 40 wt%, ethanol solution of
50 wt%, and phosphate buffer solution (pH7, 50 mM). The changing
pattern is almost similar to the result of the second type (Fig. 8).
As described in the theoretical section and the experimental
results in Fig. 7, the resonance frequency change measured by type
2 connection shows large shift in the air, but small shift in the liquid
when compared with the other connection types. Therefore, type
2 þ type 4 connection can be used for the liquid property mea-
surement. Similar measurement has been done for the normal
quartz crystal using the quartz crystal analyzer (data not shown).
The difference of the resonance frequency and resonance resistance
between the IDE and normal quartz crystals was explained by the
difference in Fig. 7.
The capacitance and resistance changes between the IDEs in
Figs. 9 and 10 showed almost similar pattern. A small difference
might be caused by the additional impedance depending on the
connecting types and imperfect exchanging of the sample liquids.
5. Conclusions
The results of resonance characteristics measurement (Fig. 6)
have shown that the IDE quartz crystal functions as a quartz crystal
in three types of connections (Type 1, Type 2, and Type 3) as well as
a normal-type quartz crystal. Type 2 connection has shown the
unexpected resonance frequency shift in the air. This has beenexplained by the electrical equivalent circuit where the capacitance
between IDEs makes separation of the resonance peaks for the two
circuit components. The shift becomes much smaller in contact
with the liquids. Using “type 3” and “type 2 þ type 4” connections,
the quartz crystal can be used as a quartz crystal sensor and IDE
sensor simultaneously. Type 3 connection has advantage for having
clear understandable equivalent circuit model. Type 2 þ type 4
connection has advantage for the fast measuring rate. These results
indicate that IDE quartz crystal can be used for monitoring liquid
property and applied to bio- and chemical-sensing device. The
application can be ﬂuid property monitoring such as oil degrada-
tionmonitoring, gas sensing and biological analysis bymodiﬁcation
with bio molecules, organic ﬁlms or nanoparticles.
References
[1] G. Sauerbrey, Verwendung von Schwingquarzen zur W€agung dünner
Schichten und zur Mikrow€agung, Z. Phys. 155 (1959) 206e222.
[2] H.W. King, Piezoelectric sorption detector, Anal. Chem. 36 (9) (1964)
1735e1739.
[3] J. Hlavay, G.G. Guilbault, Applications of the piezoelectric crystal detector in
analytical chemistry, Anal. Chem. 49 (13) (1977) 1890e1898.
[4] K.K. Kanazawa, J.G. Gordon II, The oscillation frequency of a quartz resonator
in contact with a liquid, Anal. Chim. Acta 175 (1985) 99e105.
[5] T. Nakamoto, T. Moriizumi, A theory of a quartz crystal microbalance based
upon a mason equivalent circuit, Jpn. J. Appl. Phys. 29 (1990) 963e969.
[6] S. Kurosawa, E. Tawara, N. Kamo, Y. Kobatake, Oscillating frequency of
piezoelectric quartz crystal in solutions, Anal. Chim. Acta 230 (1990) 41e49.
[7] Z. Tiean, N. Liehua, Y. Shouzhuo, On equivalent circuits of piezoelectric quartz
crystals in a liquid and liquid properties: Part I. Theoretical derivation of the
equivalent circuit and effects of density and viscosity of liquids, J. Electroanal.
H. Muramatsu et al. / Analytical Chemistry Research 7 (2016) 23e3030Chem. Interfacial Electrochem. 293 (1e2) (1990) 1e18.
[8] H. Muramatsu, E. Tamiya, I. Karube, Computation of equivalent circuit pa-
rameters of quartz crystal in contact with liquids and study of liquid prop-
erties, Anal. Chem. 60 (1988) 2142e2146.
[9] H. Muramatsu, K. Kimura, Quartz crystal detector for microrheological study
and its application to phase transition phenomena of Langmuir-Blodgett
Films, Anal. Chem. 64 (1992) 2502e2507.
[10] H. Muramatsu, X. Ye, M. Suda, T. Sakuhara, T. Ataka, In Situ Monitoring of
Micro-rheology on Electrochemical Deposition Using an Advanced Quartz
Crystal Analyzer and its Application to Polypyrrole Deposition, 322, 1992, pp.
311e323.
[11] H. Muramatsu, K. Kimura, T. Ataka, R. Homma, Y. Miura, I. Karube, A quartz
crystal viscosity sensor for monitoring coagulation reaction and its application
to a multichannel coagulation detector, Biosens. Bioelectron. 6 (1991)
353e358.
[12] S.M. Chang, J.M. Kim, H. Muramatsu, T. Ataka, C.S. Ha, Y.S. Kwon, Analysis of
the phase change phenomena of PMMA and PVAC blends using Quartz Crystal
Analyzer (Q.C.A.), Mol. Cryst. Liq. Cryst. 280 (1996) 301e306.
[13] H. Muramatsu, X. Ye, T. Ataka, Micro-rheology changes of naﬁon ﬁlms with
electrochemical mass-transports in hydroquinone solutions and in situ
measurement using a Quartz Crystal Analyzer, J. Electroanal. Chem. 347
(1993) 247e255.
[14] C.C. White, J.L. Schrag, Theoretical predictions for the mechanical response of
a model quartz crystal microbalance to two viscoelastic media: A thin sample
layer and surrounding bath medium, J. Chem. Phys. 111 (1999)
111192e111206.
[15] R. Patel, R. Zhou, K. Zinszer, F. Josse, R. Cernosek, Real-time detection oforganic compounds in liquid environments using polymer-coated thickness
shear mode quartz resonators, Anal. Chem. 72 (2000) 4888e4898.
[16] A. Saluja, D.S. Kalonia, Measurement of ﬂuid viscosity at microliter volumes
using quartz impedance analysis, AAPS PharmSciTech 5 (3) (2004) 68e81.
[17] L.S. Liu, J.M. Kim, S.M. Chang, G.J. Choi, W.S. Kim, Quartz crystal microbalance
technique for analysis of cooling crystallization, Anal. Chem. 85 (9) (2013)
4790e4796.
[18] M. Rodahl, F. H€o€ok, B. Kasemo, QCM operation in liquids: an explanation of
measured variations in frequency and Q-factor with liquid conductivity, Anal.
Chem. 68 (1996) 2219e2227.
[19] S.M. Radke, E.C. Alocilja, Design and fabrication of a microimpedance
biosensor for bacterial detection, IEEE Sens. J. 4 (4) (2004) 434e439.
[20] L. Yang, T. Li, G.F. Erf, Interdigitated array microelectrode-based electro-
chemical impedance immunosensor for detection of Escherichia coli O157:H7,
Anal. Chem. 76 (2004) 1107e1113.
[21] H. Shiigi, S. Tokonami, H. Yakabe, T. Nagaoka, Label-free electronic detection
of DNA-hybridization on nanogapped gold, particle ﬁlm, J. Am. Chem. Soc. 127
(2005) 3280e3281.
[22] F. Josse, Y. Lee, S.J. Martin, R.W. Cernosek, Analysis of the radial dependence of
mass sensitivity for modiﬁed-electrode quartz crystal resonators, Anal. Chem.
70 (1998) 237e247.
[23] R. Hart, E. Ergezen, R. Lec, Hongseok, M. Noh, Improved protein detection on
an AC electrokinetic quartz crystal microbalance (EKQCM), Biosens. Bio-
electron. 26 (2011) 3391e3397.
[24] C. Yim, M. Yun, N. Jung, S. Jeon, Quartz resonator for simultaneously
measuring changes in the mass and electrical resistance of a polyaniline ﬁlm,
Anal. Chem. 84 (2012) 8179e8183.
